Decisions made in the early stages of construction projects significantly influence the costs incurred in subsequent stages. Therefore, such decisions must be based on the life-cycle cost (LCC), which includes the maintenance, repair, and replacement (MRR) costs in addition to construction costs. Furthermore, as uncertainty is inherent during the early stages, it must be considered in making predictions of the LCC more probabilistic. This study proposes a probabilistic LCC prediction model developed by applying the Monte Carlo simulation (MCS) to an LCC prediction model based on case-based reasoning (CBR) to support the decision-making process in the early stages of construction projects. The model was developed in two phases: first, two LCC prediction models were constructed using CBR and multiple-regression analysis. Through k-fold validation, one model with superior prediction performance was selected; second, a probabilistic LCC model was developed by applying the MCS to the selected model. The probabilistic LCC prediction model proposed in this study can generate probabilistic prediction results that consider the uncertainty of information available at the early stages of a project. Thus, it can enhance reliability in actual situations and be more useful for clients who support both construction and MRR costs, such as those in the public sector. 109 numerical variables take numerical values and represent some kind of measured values [42], 110 categorical variables should be converted into dummy variables (0 or 1) in order to conduct 111 regression analysis [1]. For example, a foundation type variable (X11) consisting of three categories 112 (X11a mat, X11b pile, and X11c pile + mat) can be converted with two dummy variables. If a building has 113 a mat type foundation, X11a, X11b, and X11c will be set as 1, 0, and 0, respectively. 114 115 Sustainability 2018, 10, x FOR PEER REVIEW 5 of 18 4.2.1. LCC Prediction Model Ⅰ 131
Introduction
Significant decisions on construction projects are generally made during the early stages, and such decisions have a great impact on the costs incurred in subsequent stages. Therefore, many studies have sought methods to predict construction costs based on decision making during the early stages. Most of them focused on predicting the construction cost and contributed to improving the prediction accuracy [1] [2] [3] [4] . In addition, research has also been conducted on the overhead cost in the construction stage [5] , and probability-based approaches have been made to predict construction costs [6] . However, given that maintenance, repair, and replacement (MRR) cost is two to three times more than the initial construction cost [7, 8] , all costs need to be considered to realize a decision-making process based on the life-cycle cost (LCC). The LCC of the building is affected by the final users since it is completed. Attitudes, habits, and perceptions of users influence the physical characteristics and LCC of the building [9, 10] . Conversely, the building environment affects users' productivity and psychological comfort [11] . Decision making in early stage also has a great impact on LCC [12] . It could be as large as the impact of the final user on the LCC. In particular, the need to consider the LCC at the early stages may be higher in construction projects such as those for public offices, in which both the construction and MRR, costs are borne by the same client.
Meanwhile, uncertainty is inevitable in long-term construction projects, and the information available in the early stages is subject to frequent change as the projects progress [13] [14] [15] [16] . In addition, as the acquisition of complete and reliable information is generally not possible during the early stages of construction projects, predicting accurate costs in the initial stages is a very difficult task [17] . Therefore, it is necessary to make probabilistic predictions that consider the uncertainty of the information available during these early stages.
This study aimed to develop a probabilistic LCC prediction model to support the decision-making process during the early stages of construction projects. The model was constructed in two phases: first, two LCC prediction models were constructed using case-based reasoning (CBR) and multiple-regression analysis (MRA); second, a probabilistic LCC prediction model was developed by applying the Monte Carlo simulation (MCS) to a constructed model.
Literature Review

Cost Estimation in the Early Stage
Cost is an important factor that determines whether a project can be implemented. To predict the cost of a project, researchers have approached statistical analysis methodologies, such as regression analysis, or artificial intelligence methods, such as artificial neural networks (ANN) and expert systems [18] [19] [20] . Although such studies have contributed to cost prediction during the early stages, they have the following limitations: (1) difficulties in adhering to appropriate rules in non-experienced fields when using the rule-based reasoning of statistical analysis methodologies, and (2) the black-box type process of deriving the results in ANN [21] . Conversely, as CBR is a feasible methodology capable of making decisions or dealing with complicated problems with relatively little information [15, 18] , it has been widely implemented to predict costs during the early stages of construction projects [1, [22] [23] [24] [25] [26] . Most of these studies, however, have focused on predicting construction costs; few studies have dealt with the prediction of LCCs at early stages.
Life-Cycle Cost
All structures have an initial investment phase that includes planning, design, and construction; an operation and maintenance (OM) phase after the construction; and a disposal phase after its lifetime. The total cost of a facility is the LCC, which includes planning costs, design costs, construction costs, operation and maintenance costs, and disposal costs.
Economic evaluations are conducted based on the LCC for efficient decision making regarding investments [27, 28] . Until now, however, LCC analysis (LCCA) has been primarily performed during the design phase to compare the costs of several design alternatives to support the decision-making process [29] . However, as the decision-making process in the early stage (i.e., before the design phase) has the greatest influence on the LCC of a project, it is necessary to predict the LCC at the early stage to use it in the decision-making process.
Probabilistic Prediction
Uncertainty exists almost everywhere; therefore, a probabilistic approach can counter the risks inherent in management [30] . The probabilistic approach has been primarily applied in the field of construction management to analyze construction costs [31] [32] [33] [34] [35] and construction periods [36] [37] [38] , while research has continued in many other fields [39, 40] .
Former studies on cost prediction during the early stage of construction projects have used definite information related to projects for predictions [1, 24] . However, uncertainty is inherent during the early stages, and the information tends to change frequently with the progress of the project [14] [15] [16] . Therefore, a probabilistic approach is required to make decisions that consider the uncertainty of the factors influencing the changes/modifications of construction projects during the early stage.
Research Framework
A probabilistic model performs simulations to produce results; therefore, an algorithm or a base model is required [41] . In this study, two deterministic LCC prediction models were constructed using CBR, and a probabilistic model was proposed based on one of them (see Figure 1 ). Model I was developed to retrieve the construction and the MRR costs separately and to present the LCC as the sum of the results, while Model II was developed to directly retrieve the LCC. The two models were then compared to select the one with the superior prediction performance. Finally, a probabilistic LCC model was proposed by combining the selected model with MCS and was validated by executing four validation cases. 
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Deterministic Model Development
Data Collection and Establishment of Database
To develop LCC prediction models, 74 LCCA reports that were submitted to the public clients in Korea together with the detailed design documents were used. The collected data included the construction costs (Y 1 ), MRR costs (Y 2 ), and LCC (Y 3 ) obtained from results of the LCC analysis performed during the design phase of these buildings. The MRR cost included the repair and replacement costs and not the operating expenses for routine maintenance. In addition, information on 13 factors (e.g., total floor area, district and site area, etc.) available during the early stage was collected and used as independent variables (X 1 -X 13 ) for the predictions; a summary is presented in Table 1 . From the 74 cases, 70 randomly selected cases were extracted to construct a database; the remaining four cases were used to validate the models.
Variables used in this study were classified into numerical and categorical types. While numerical variables take numerical values and represent some kind of measured values [42] , categorical variables should be converted into dummy variables (0 or 1) in order to conduct regression analysis [1] .
For example, a foundation type variable (X 11 ) consisting of three categories (X 11a mat, X 11b pile, and X 11c pile + mat) can be converted with two dummy variables. If a building has a mat type foundation, X 11a , X 11b , and X 11c will be set as 1, 0, and 0, respectively. Note: *RCs = reinforced concrete structure, **SRCs = steel framed reinforced concrete structure, ***Ss = steel frame structure
LCC Prediction Models Using CBR
Using the CBR technique, two deterministic LCC prediction models were constructed to function as base models for developing a probabilistic LCC prediction model. CBR is a data-mining tool that remembers the solutions applied to previous problems with similar situations and uses the information and knowledge to solve a new problem [43] . In the early stages of construction projects, a lot of categorical and numerical information is available. Jin et al. [1] proposed a CBR model that considers numerical and categorical variables to predict project costs during the early stage of construction and improves the degree of accuracy by revising extracted cases. In their model, the standardized coefficients derived from MRA were used as the attribute weights for the retrieval phase of CBR, and the retrieved values were revised using the non-standardized coefficients in the revision phase. The deterministic LCC prediction models of the current study were constructed by referring to the algorithm of Jin et al.'s model.
LCC Prediction Model I
Model I was programmed to retrieve the construction and MRR costs separately and to calculate the LCC as the sum of the results. Therefore, the variables for predicting the construction and MRR costs were selected, and their weights were estimated to develop the model (see Figure 2 ). 
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To select the independent variables for Model I, a significance test based on p-value was 138 performed with 15 variables (X1-X13, Y1, and Y2) using MRA. The p-value represents a significant 139 probability of the independent variables, and the significance level of 0.05 is generally considered to 140 have statistical significance [23, 44] . In this study, thus, variables having p-value above 0.05 were 141 excluded.
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During the significance test, if the significance of a variable was higher than 0.05, the variable 143 was excluded from the analysis because it was judged to be insignificant in predicting the dependent 144 variable, and the MRA was performed again. In this manner, the MRA was repeatedly performed 145 until the variables were finalized, i.e., until the significance of all the remaining variables was less 146 than 0.05. The selected variables were used as attributes for the CBR. To select the independent variables for Model I, a significance test based on p-value was performed with 15 variables (X 1 -X 13 , Y 1 , and Y 2 ) using MRA. The p-value represents a significant probability of the independent variables, and the significance level of 0.05 is generally considered to have statistical significance [23, 44] . In this study, thus, variables having p-value above 0.05 were excluded.
During the significance test, if the significance of a variable was higher than 0.05, the variable was excluded from the analysis because it was judged to be insignificant in predicting the dependent variable, and the MRA was performed again. In this manner, the MRA was repeatedly performed until the variables were finalized, i.e., until the significance of all the remaining variables was less than 0.05. The selected variables were used as attributes for the CBR.
From the MRA of the construction cost, the coefficient of determination (R 2 ) was found to be 0.963, and the selected variables are summarized in Table 2 . In the same way, the coefficient of determination (R 2 ) was found to be 0.967 from the MRA of the MRR cost. The selected variables are summarized in Table 3 . The absolute values of the standardized coefficients (β) and unstandardized coefficients (B) obtained from the MRA results, respectively, were used as the attribute weights for estimating the attribute and as the revision weights to improve the accuracy of the extracted cases [1] .
The attributes, attribute weights, and revision weights were then input to the CBR model to predict the LCC. To retrieve similar cases, the attribute similarity (AS) was first estimated using Equation (1) for categorical variables and Equation (2) for numerical variables [1, 19, 45] . Further, the case similarity (CS) was calculated for each case using Equation (3), and the case with the highest degree of similarity (HCS) to the new case was derived using Equation (4) [24, 45] .
where AVN i = value of attribute i in the new case; and AVR i = value of attribute i in the retrieved case.
where AW i = weight of attribute i.
where m = the number of cases in the case base. If the value of similarity of the retrieved case was not 100, the attribute difference (AD) was carried out on the basis of the difference between AVN i and AVR i (Equation (5)), and the total revision value (TRV) was calculated using Equation (6) [1].
where n i=1 RV i = total revision value of the attribute i; and AD i = difference between the value of attribute i in the new case and in the retrieved case; and PE i = revision weight of attribute i. The categorical variable was input as a dummy variable in the MRA. Therefore, the calculation result of AD i was either 0 or 1, and the revision weight was applied when the result was 1. The cost of the retrieved case was added to the obtained TRV to calculate the revised cost (RC) using Equation (7).
where C retrieved = the costs of the retrieved case. Finally, the sum of the construction cost and MRR cost obtained from the CBR model was presented as the LCC prediction result of Model I.
LCC Prediction Model II
Similar to Model I, Model II, which directly retrieves the LCC, was developed, as shown in Figure 3 . In the same way with development of Model I, a significance test was performed with 14 variables (X 1 -X 13 , and Y 3 ) for Model II. From the MRA of Model II, the coefficient of determination (R 2 ) was obtained as 0.968; the selected variables are summarized in Table 4 . The absolute values of the standardized coefficients (β) and unstandardized coefficients (B) were used as the attribute weights and revision weights, respectively. Case retrieval and revision were performed by applying Equations (1) to (7) , similar to the process of Model I. The LCC value calculated in the final revision was specified as the predicted value.
Validation
To validate Model I and II, k-fold cross-validation was conducted, which is a popular procedure for estimating the performance of a classification algorithm on a data set [46, 47] . In this study, k was set up as ten; thus, the validation was tenfold. For each fold, four of the 74 cases collected were randomly excluded; 70 cases were used to construct the model and the four remaining cases were individually input to the model to predict the LCC. The error rates for the comparison of prediction performance of the models were calculated using Equation (8) . The average error rate in the four cases was used to analyze the accuracy of each fold; then, the total average [47] and the standard deviation of the ten folds were used as model-validation criteria.
where ER n = error rate of case n; LCC n = LCC of case n; and LCC n_prediction = LCC prediction value of case n. Furthermore, MRA was used to compare the developed models to the models based on the conventional method, because it is one of the most widely used methods in statistics [19, 24, 48] . In this study, two MRA models (Model III and Model IV) were constructed. Model III predicted the construction and MRR costs separately and presented the LCC as the sum of the results, while Model IV directly predicted the LCC. The validation results of the LCC prediction Model I and II (CBR model) and Model III and IV (MRA model) were summarized in Table 5 . The total average error rate in the entire validation was 9.54% for Model I and 16.18% for Model II, which showed a 6.64% difference in the average error rate between the models. In addition, the total error averages of Model III and Model IV were calculated as 13.2% and 14.7%, respectively, which was larger than Model I. The difference between the minimum and maximum values of the total average error rate for each model was 9.07%, 17.4%, 26.86%, and 12.88%, respectively. The standard deviation of each model was 2.76%, 5.27%, 8.42%, and 4.44%, respectively; the standard deviation of Model I was the smallest.
This confirmed that the error rate of Model I was relatively low, which proved that the prediction performance of Model I was superior. Additionally, the 1 st fold case of Model I was the lowest among the folds of models. Accordingly, in this study, the 1 st fold of Model I was used as the base model to construct the probabilistic LCC prediction model.
Probabilistic Model Development
Probabilistic LCC Prediction
The probabilistic LCC prediction model was constructed by combining the MCS with our LCC prediction Model I (see Figure 4 ). The MCS is a technique that outputs a probabilistic result by arbitrarily selecting a value to be used in a simulation from a probability distribution. It offers many advantages, such as supporting the decision-making process by generating arbitrary random numbers as input variables, evaluating a large number of cases, and generating the distribution and statistics of results [17] .
The distribution type of each input variable needs to be defined to apply MCS. This study assumed the range and distribution type of variables selected for the deterministic LCC prediction model to consider uncertainty in the early stages of construction projects. The variables can be classified as numerical and categorical, as shown in Table 6 .
The range and distribution type of the variables can vary depending on the project, and these may be specified by the user. In this study, the distribution type and range were stipulated as shown in Table 7 and designed to change according to users' input, under the assumption that all the variables presented for the model verification were prone to uncertainty.
Whereas the input distribution of variables should be defined through each estimation, it was difficult to obtain an amount of data. Assumptions of triangular distribution, which are commonly adopted in Monte Carlo simulations of construction costs, offer a more appropriate method of eliciting experience from construction personnel than other distribution methods [32, 49] . In this study, the distribution type of the numerical variables (i.e., total floor area, maximum height, number of floors above the ground, number of floors below ground, number of parking spaces, and construction type) were assumed as having a triangular distribution. However, because the number of floors above ground, number of floors below ground, and number of parking spaces were all whole numbers, the digits after the decimal point were omitted before applying the model. 
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Division Numerical Variable Categorical Variable
Name Total floor area (X 1 ), maximum height (X 3 ), number of floors above ground (X 4 ), number of floors below ground (X 5 ), number of parking spaces (X 6 ), construction period (X 7 )
Structural type (X 8a , X 8b , X 8c , X 8d ), city size (X 9 ), foundation type (X 11a , X 11b , X 11c ) The range of variables in the early stage was set according to the decision of the client, but in the validation, this study assumed the range of 5%, which is most frequently suggested as the adjustable range for architectural competition in South Korea.
On the other hand, the values of the three categorical variables (structural type, city size, and foundation type) were represented by dummy variables (refer to Table 1 ). In this study, it was assumed that the possibilities of categorical variables were the same in consideration of the uncertainty of the early stage of the project. Therefore, a discrete uniform distribution was used to express the probability of occurrence of dummy variables 0 and 1 equally. However, if one dummy variable had a value of 1, the remaining dummy variable was set to not be 1 (e.g., if X 8a was 1, X 8b , X 8c , and X 8d were 0). Distribution types and range of variables were set as shown in Table 7 .
To perform the MCS, a combination of random numbers was generated by creating variables within the stipulated distribution type and range. The combination of random numbers was then input to Model I for deriving the LCC, and the probabilistic LCC prediction result was generated after performing a specified number of iterations.
This study assumed that if the number of cases in the database sufficiently accumulated in the future, the results of the probabilistic LCC prediction model would follow the normal distribution according to the central limit theorem. Hence, based on the three-sigma rule of statistics, in normal distribution, approximately 68%, 95%, and 99.7% of values would be within the range of ±1σ (standard deviation), ± 2σ, and ± 3σ, respectively [50] . This implies that when the LCC was predicted by referring to the values within each range, the probability that the result would have a value outside that range (i.e., the risk) was approximately 32%, 5%, and 0.3%, respectively. Therefore, the user must determine the risk tolerance and specify the appropriate range.
Verification
Four cases that were excluded from the database used for the model construction of 1 st fold of Model I were applied to the probabilistic LCC prediction model, and 100,000 simulations were performed for the validation. Table 8 summarizes the basic information on the validation cases. The mean, median, and ± 1σ range of the predicted results were used to illustrate the results of the verification. The probabilistic LCC prediction results of Cases 1-4 are shown in Figure 5 . The probabilistic LCC prediction results of Case 1 were as follows: the mean was USD 264,077,420; the median was USD 263,873,244; and the 1σ range was USD 234,713,012-293,441,828. The probability within the range of ± 1σ was 63.96%, which was interpreted as the occurrence probability of LCC within that range (see Figure 5a) . The difference between the minimum and maximum values in the range of ± 1σ was approximately USD 58,728,816. The LCC of Case 1 was USD 286,504,107, which was within the probabilistic prediction range. The difference between the LCC and the minimum and maximum values within the range was 18% and 2.4%, respectively.
The probabilistic LCC prediction results of Case 2 were as follows: the mean was USD 107,096,343; the median was USD 114,105,701; and the ± 1σ range was USD 71,857,843-142,334,842. The probability within the range of ± 1σ was 65.54% (see Figure 5b) . The difference between the minimum and maximum values in the range of ±1σ was approximately USD 70,476,999. The LCC of Case 2 was USD 143,546,590, which was approximately 0.9% outside the maximum value of the probabilistic prediction range. The difference between the LCC and the minimum and maximum values within the range was 50% and 0.84%, respectively. As shown in Figure 5b , the result of Case 2 converged to a triangular distribution. However, the frequency was low due to the lack of cases in the database that could derive the prediction results within the range of USD 60,000,000-90,000,000. As the frequency of the case was low, the range of ±1σ shifted to the right because the average value moved to the right.
The probabilistic LCC prediction results of Case 3 were as follows: the mean was USD 61,519,184; the median was USD 59,688,043; and the ±1σ range was USD 39,863,677-83,174,691. The probability within the range of ± 1σ was 63.65% (see Figure 5c ). The difference between the minimum and maximum values in the range of ± 1σ was approximately USD 43,311,014. The LCC of Case 3 was USD 71,497,218, which was within the probabilistic prediction range. The difference between the LCC and the minimum and maximum values within the range was 7.9% and 16.3%, respectively. Similar to Case 2, the frequency of cases in the range of USD 60,000,000-70,000,000 was low; however, this did not affect the range of ±1σ because the difference between the frequencies of the cases was not large.
The probabilistic LCC prediction results of Case 4 were as follows: the mean was USD 200,161,577; the median was USD 201,506,465; the ± 1σ range was USD 169,974,991-230,348,162; and the probability within the range of ± 1σ was 64.42% (see Figure 5d ). The difference between the minimum and maximum values in the range of ± 1σ was approximately USD 60,373,171. The LCC of Case 4 was USD 206,299,006, which was within the probabilistic prediction range. The difference between the LCC and the minimum and maximum values within the range was 17.6% and 11.6%, respectively.
The proposed model can be validated by examining the execution results of the four cases, and the range of the LCC can be presented by considering the uncertainty in the early stage of the construction project.
As shown in Table 9 , the probabilistic range of Cases 1-4 included the respective deterministic results derived during the verification of the deterministic LCC prediction model. 
Discussion
Users can apply the proposed model for two purposes. One, they can use it to predict the occurrence probability of a specific LCC value. For example, in Case 1 (see Figure 6 ), the probability that the LCC was within USD 289,104,243, which was the deterministic LCC prediction value, was 78.2%; therefore, it can be interpreted that the probability that the LCC of Case 1 was within the predicted value was 78.2%, and the risk was 21.8%. Two, they can use it to derive the range of the LCC based on their risk tolerance. For example, if the user intends to predict the LCC with a risk of 30%, the LCC could be within USD 179,797,962-281,373,000, which was the LCC occurrence range with 70% probability. 
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In addition, the consideration of the prediction results of both the probabilistic and deterministic In addition, the consideration of the prediction results of both the probabilistic and deterministic LCCs might increase the efficiency of decision making. For example, an analysis of the results of both deterministic and probabilistic predictions for Case 1 can be interpreted as follows. The deterministic LCC prediction value of Case 1 was USD 289,104,243; however, this value can be estimated as USD 234,713,012-293,441,828 when the uncertainty of the variables was reflected based on the ±1σ range. It was predicted that the value would decrease by USD 54,391,231 or increase by USD 4,337,585 (see Figure 7 ). The possibility that the value would decrease by USD 54,391,231 was 59.8%, while the possibility that the value would increase by USD 4,337,585 was 4.13%. Therefore, the user can decide on the implementation of a project by referring to the fluctuation and probability of variation in the LCC. 
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It was predicted that the value would decrease by USD 54,391,231 or increase by USD 4,337,585 (see 
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In this study, the model was constructed under the assumption that uncertainty exists in all the 348 variables considered. However, the range and distribution type of the variables can vary depending In this study, the model was constructed under the assumption that uncertainty exists in all the variables considered. However, the range and distribution type of the variables can vary depending on the project, and few definite variables may be present. In such a case, the range and distribution type can be modified to derive probabilistic results. Therefore, further research is required on the distribution type and range for each variable to support the users.
Meanwhile, the prediction range of the probabilistic LCC was considerably wider in Cases 2 and 3 because there were few similar cases in the database. Therefore, if the database is sufficiently replete, the LCC prediction range should be narrowed further.
Conclusions
The decision-making process during the early stage of construction projects must consider the MRR cost along with the construction cost. In addition, it is necessary to probabilistically predict the LCC and reflect it in the decision-making process, given the uncertainty of available information in the early stages of construction projects. This study proposed a probabilistic LCC prediction model by applying the Monte Carlo simulation to a case-based reasoning LCC prediction model to support the decision-making process in the early stages of construction. Two types of deterministic LCC prediction models were constructed, then Model I was selected for its relatively lower error rate after verifying the prediction accuracy through k-fold cross-validation. Assuming the distribution type and range for each variable of Model I, the probabilistic LCC prediction model was developed to perform the MCS. Four cases were applied to the proposed probabilistic model for validation; the results proved that the model was valid because the actual LCCs of Cases 1, 3, and 4 were within the respective prediction results of the probabilistic LCC. The LCC of Case 2 was out of the suggested range by 0.9%. This might be attributed to an inadequate number of cases in the database used for the model construction.
Unlike previous studies on deterministic prediction models, this study sought to ensure reliability in actual situations by generating probabilistic prediction results that considered the uncertainty of information available during the early stages of construction projects. The prediction performance of this model is expected to improve with an increase in the number and variety of cases in the database. Thus far, the proposed probabilistic LCC prediction model can generate prediction results according to the degree of risk tolerance of the user and can support the decision-making process by reflecting the uncertainty in the early stage of construction projects. The proposed model should be especially useful in cases in the public sector that have limited budgets at the beginning of projects and bear both construction costs and MRR costs.
In this study, the range of occurrence was arbitrarily specified under the assumption that uncertainty exists in all the variables presented in this study; the probability distribution of the variables was assumed to be a discrete uniform distribution or a triangular distribution. Therefore, to obtain a more accurate probabilistic result, further research is required on the range and distribution type of each variable. The proposed model in this study did not deal with qualitative variables such as design quality, hence there is a need for future research to address the qualitative variables. To this end, the authors are carrying out follow-up research to stipulate the range and distribution of each variable, and to handle qualitative variables such as design quality or energy efficiency rating. 
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